Mineralogical and oxygen isotopic analyses of samples from Deep Sea Drilling Project Sites 477, 481, and 477 in the Guaymas Basin indicate the existence of two distinct hydrothermal systems. In the first, at Sites 481 and 478, hot dolerite sills intruded into highly porous hemipelagic siliceous mudstones that were moderately rich in organic matter, thermally altered the adjacent sediments, and expelled hydrothermal pore fluids. The second, at Site 477 and active at present, is most probably caused by a recent igneous intrusion forming a magma chamber at shallow depth.
INTRODUCTION
Oceanic spreading centers are sites of hydrothermal activity. Examples are the Red Sea deeps (Degens and Ross, 1969) , the Galapagos Rift (Weiss et al., 1977; Corliss et al., 1979; Edmond et al., 1979a, b) , and the East Pacific Rise (EPR) 21 °N hydrothermal system (Spiess et al., 1980; Francheteau et al., 1979; Haymon and Kastner, 1981) . Metal sulfides, silicates, and oxides are associated with these hydrothermal systems.
The Gulf of California, the closest western hemisphere analog to the Red Sea, is an intercontinental rift which consists of several basins that represent sea-floor spreading segments connected by transform faults (Moore, 1973; Sharman, 1976) . The topographic features of the basins are masked by thick biogenic and terrigenous sediments (van Andel, 1964; Calvert, 1966) . Sedimentation rates are between 1 and 2 km/m.y. This series of spreading centers and transform faults connects the EPR to the south with the structurally continuous Salton Trough to the north.
The Guaymas Basin, in the central Gulf of California, is approximately 240 km long and 60 km wide, and has two grabens approximately 200 meters deep and 3 to 5 km wide, which are offset by a transform fault that is 20 km long. Oceanographic expeditions to the Gulf of California during the early seventies failed to find evidence for hydrothermal activity (Wilde et al., 1973) . Extensive heat Curray, J. R., Moore, D. G., et al., Init. Repts. DSDP, 64 : Washington (U.S. Govt. Printing Office).
flow surveys in the Guaymas Basin, which gave high and irregular heat flow values (Lawver et al., 1975; Lawver and Williams, 1979) , suggested recent shallow igneous intrusions and possible hydrothermal activity. In 1977, ferromanganese-encrusted sulfide and talc deposits were recovered from the northern trough, Guaymas Basin (Lonsdale, 1978) . Conductive heat flux in the vicinity of this deposit locally exceeds 30 µcal/cm 2 s Becker, 1981) . Sulfur and oxygen isotopes indicated precipitation at about 280 °C (Lonsdale et al., 1980) . 3 He/ 4 He 65-70% higher than atmospheric helium were measured in the Guaymas Basin (Lupton, 1979) ; 3 He is a geochemical tracer for mantlederived volatiles. In 1978, during the survey cruise for DSDP Leg 64, gravity cores were recovered from the slopes and troughs of the Guaymas Basin. High manganese concentrations at the top of the cores from the grabens were observed. Kastner and Gieskes (1979) suggested a hydrothermal source for the observed manganese enrichment subsequent to Leg 64. This was confirmed by the discovery of extensive hydrothermal vents and deposits in the southern graben (Lonsdale et al., in preparation) .
During DSDP Leg 64, three sites were drilled in the Guaymas Basin: Site 477 in the southern graben in an area of heat flow higher than 20 heat-flow units (HFU); Site 481 in the northern graben with a heat flow of approximately 4 HFU: and Site 478, 12 km northwest of Site 477 on the basement floor, assumed to be adjacent to the transform fault, with a heat flow of ~3.7 HFU. The crustal age at Site 478 is no older than 400 ky. At these three sites, the hemipelagic sediments were in-truded by basalt and dolerite sills of apparently very limited lateral extension. Although all the sill complexes penetrated were cold, the adjacent sediments indicate significant hydrothermal alteration. In addition, at Site 477 below the first sill complex, extensive high-temperature alteration of the sediments and the formation of greenschist facies rocks were observed, most probably in response to a young, shallow intrusion.
Detailed mineralogical, petrological, and oxygen isotopic analyses of the unaltered and altered sediments and oxygen isotopic analyses of the pore fluids were conducted. The data indicate the existence of two distinct hydrothermal systems in the Guaymas Basin: one is associated with the intrusions of the sills into highly porous hemipelagic sediments (Einsele et al., 1980) ; and the second is associated with the shallow magma chamber.
METHODS
Bulk sediments and various grain-size fractions (>63 µm, 40-63 µm, 2-40 µm, < 2 µm, and when necessary < 1 µm) were analyzed by routine petrographic methods, X-ray diffraction, and scanning electron microscope with energy dispersive X-ray attachment. Oxygen isotope analyses of silicates were carried out by the BrF 5 method described by Clayton and Mayeda (1963) , of carbonates by the method of McCrea (1950) , and of the pore fluid by the method of Epstein and Mayeda (1953) . The isotopic results are reported in the conventional fashion as δ 18 θ in per mil relative to Standard Mean Ocean Water (SMOW) (Craig, 1961) . The experimental precision was ±0.15% for hydrous silicates, ±0.1% for anhydrous silicates, ±0.07% 0 for carbonates, and ±0.05% for pore fluids. Quartz from Site 477 was separated for oxygen isotope analysis by the sodium pyrosulfate method of Syers et al. (1968) . Temperatures of formation were calculated, using the recalculated calcite-water oxygen isotope fractionatiqn factor of O'Neil et al. (1969) , using the CO 2 -H 2 O fractionation factor at 25°C of O'Neil et al. (1975) , and the quartz-chlorite empirical equation of Wenner and Taylor (1971) .
LITHOLOGY AND MINERALOGY OF SITES 477, 481, AND 478
The unaltered sediments of these three DSDP sites are similar. They are immature sediments, predominantly diatomaceous silty clays with occasional sandy layers at the base of the numerous turbidites. Diatomrich (-70% diatoms), several-centimeter-thick layers are common at the top of some turbidites. The average composition of the sediments is 30-50% diatoms, with some radiolarians and silicoflagellates, 30-45% detrital clay minerals, 10-15% calcareous nannofossils with some foraminifers, 4-15% feldspars, 3-10% quartz, and 1-2% heavy minerals. Volcanic glass is present but not common. Pyrite is ubiquitous (1 to <3%) and concentrated within diatom frustules. Small amounts (2-4%) of diagenetic clinoptilolite are common below 2-3 meters sub-bottom depth. Several intervals of laminated sediments were observed in Site 481 below 240 meters and in Site 478 below 300 meters, indicating a sedimentation regime similar to the prevailing regime at Site 480 (site chapter, this volume, Pt. 1).
The intrusion of basalt and dolerite sills into the sediments at all three sites resulted in extensive thermal reactions between the heated and chemically altered pore fluids and the various phases in the adjacent sediments (and to some extent within the sills). The following sequence of decreasing reactivity was observed:
opal-A > opal-CT smectite > clinoptilolite > illite > chlorite -feldspar > quartz, and dolomite > calcite. The shallow magma chamber at Site 477 and the associated hydrothermal system caused extensive recrystallization of almost the entire sediment column below the sill complex to greenschist facies rocks.
Because of multiple thermal events at each site, it is extremely difficult to study the sequence and rates of diagenetic reactions in the Guaymas Basin. Detailed mineralogical data of the original and hydrothermally altered sediments of DSDP Sites 477, 481, and 478, respectively, are given in Appendixes A, B, and C. Syntheses of the major mineral zones of these three sites, which are based on the data in the Appendix tables, are given in text Tables 1,2, and 3.
At Sites 481 and 478, the thermal reactions were both quantitatively and qualitatively more extensive at the upper contact and between adjacent sill complexes than at their lower contact, as follows: The thermally affected zone is thicker above the sills, and the formation of well-crystallized smectite and even of illite and chlorite, as well as the formation of analcime and dolomite are observed only at the upper contacts and between the sill complexes.
At Site 477, however, the major heat source and hydrothermal system below the sill complex and not the sill itself are responsible for the well-crystallized smectite and the newly formed K-feldspars at this lower contact zone.
Above the average sills ( -30 m), opal-A was transformed directly to quartz, without an intermediate opal-CT. Opal-CT formed only in sediments between two adjacent sill complexes-at Site 481 between the second and third sills and in Hole 478 between the first and second sills-and in sediments which were affected for relatively long times by an unusually thick sill complex (> 100 m). In this latter case, the opal-CT forms above and most probably also below the sill contacts-for example, in Hole 478 in the sediments between the second sill and the thick third sill-quartz is the silica phase at the contact zone.
OXYGEN ISOTOPES OF SOLIDS AND PORE FLUIDS
Oxygen isotopes of the unaltered and thermally altered silicate fraction of the sediments of Sites 477 and 481 were analyzed. The carbonates were removed by Naacetate-acetic acid buffer solution prior to the extraction of oxygen from the silicates. The results are given in Table 4 and shown in Figures 1 and 2 .
In both sites, the δ 18 θ values of the unaltered sediments above the shallowest sill vary greatly, between 14.5 and 27‰ (SMOW). The average δ 18 θ value of these sediments is 17-20% 0 . The low values represent the bases of turbidites, which have higher ratios of quartz + feldspar to clay minerals 4-diatoms than the tops of the turbidites. Above and between adjacent sill complexes, the Thermally altered zone at upper contact with sill complex. Detrital Plagioclase and quartz similar to zone above. Some newly formed quartz, most probably from opal-A, the abundance of which diminishes rapidly toward the sill. By 6 to 8 meters above the sill no opal-A can be detected. No opal-CT observed. Only traces of detrital clay minerals; instead, newly formed, well-crystallized smectite increases in abundance toward the contact with the sill. The abundance of clinóptilolite diminishes toward the sill, and at -50 meters depth analcime replaces clinóptilolite. Calcite is present in most samples but is absent below -50 meters. It coexists with some dolomite at -50 meters; no dolomite below this depth. Some pyrite and gypsum are present, and possibly some goethite. 58 to ~ 105
Sill complex (in Hole 477A, the sill complex was encountered between 33 and ~ 63 m depth). 105 to ~ 120
Thermally altered zone at lower contact with sill complex. This zone is also affected by the deeper-seated, active hydrothermal system. Adjacent to the sill (between 105 and ~ 110 m) only small amounts of detrital Plagioclase and no opal-A or opal-CT, but much quartz-a mixture of detrital and newly formed. The active hydrothermal system below the sill is most probably responsible for the newly formed euhedral K-feldspar. Only traces of detrital clay minerals; the main clay mineral is a well-crystallized smectite. No calcite but some protodolomite. Some pyrite, gypsum, and anhydrite. At ~ 115 m some opal-A and only traces of hydrothermal K-feldspar and smectite are present. Instead, much protodolomite has been formed. Some pyrite, gypsum, and anhydrite are still present. This subinterval (approximately 110-120 m sub-bottom) is a partially altered zone between the thermally altered zone at the lower contact with the sill complex and the deep-seated active hydrothermal system. Clinóptilolite is absent throughout this depth interval. 120 to -267
Hydrothermal^ altered sediments. Opal-A is absent throughout this zone. There are four subzonės: A) 120 to ~ 160 A mixture of detrital and newly formed quartz, detrital and albitized Plagioclase, and a small amount of hydrothermal K-feldspar.
Only small amounts of detrital clay minerals are still present and the first newly formed chlorite appears. Calcite (but no dolomite), pyrite, gypsum, and anhydrite are present, also relatively large amounts of sphene and some epidote and possibly some natrolite. B) 160 to ~ 175
Except for the absence of detrital clay minerals and hydrothermal K-feldspar, the mineral assemblage is similar to Subzone A. Amounts of recrystallized quartz and albitized Plagioclase increase. C) 175 to ~ 185 Generally similar to Subzone B. The main differences are in the amount of chlorite, which has become an abundant phase, and in the formation of much pyrrhotite, which coexists with pyrite. D) 185 to 267
Greenschist facies rocks with the following mineral assemblage: quartz-albite-chlorite-epidote with pyrite and some pyrrhotite.
There is general increase in the amount of epidote with depth. Turbidites composed of a mixture of detrital minerals quartz, Plagioclase, some alkali feldspars and the clay minerals mixed-layer smectite/illite, illite, and chlorite/kaolinite with biogenic opal-A and calcite. Also very small amounts of the diagenetic minerals; pyrite and clinóptilolite (which is already present, although only in trace amounts, at ~2 m depth). The base of the turbidites contains more feldspars and quartz and less clay minerals and opal-A than the top of the turbidites. A minor subzone at 36-37 meters depth may represent an altered ash layer, with almost no opal-A, much more quartz than feldspars, much chlorite, and traces of detrital clay minerals and of pyrite, but no clinóptilolite and calcite. 130 to -171
Thermally altered zone at upper contact with first sill complex. Average detrital Plagioclase and quartz similar to zone above. Between about 130 and 140 meters depth the amount of opal-A decreases rapidly; below 140 meters, there is no opal-A, and the amount of quartz increases. Clinóptilolite disappears at approximately the same depth as opal-A. From about 150 meters depth to the contact with the sill, mainly quartz and feldspar and the following well-crystallized clay minerals are found: up to -169 meters, smectite and illite, the absolute and relative abundances of which vary; from 169 meters to contact with sill, primarily illite and chlorite with only traces of smectite; at about 170 meters, analcime and siderite appear. Calcite is present throughout, except at the immediate contact with the sill. Pyrite and gypsum are also present. 171 to 198
First sill complex. 198 to -210 Thermally altered zone at lower contact with first sill complex. Mainly quartz and feldspar. No opal-A. Traces of the detrital clay minerals illite and chlorite/kaolinite, but the main clay mineral is smectite. Some pyrite, no calcite or clinóptilolite. 210 to -328 Some turbidites and thick mass flows. A similar mixture of the detrital, biogenic, and diagenetic minerals described in the zone between 0 and ~ 130 meters. Table 6 , and values for Sites 477 and 481 are shown in Figures 1 and 2 .
At each of the sites, the δ 18 θ values increase both above and below the sills. Above the shallowest sills, the maximum δ 18 θ values observed range between +0.5 and 0.6‰ (SMOW). At Site 477, below the sill, the δ 18 θ values of the pore fluids associated with the greenschist facies rocks range between +0.8 and 1.4‰. At Site 481, between the first and second sills, a maximum δ 18 θ value of + 1.97‰ ±0.05 was measured. At Site 478, the δ 18 θ values of the pore fluids between the first and second sill, but also between the second sill and the thick third sill, are similar and relatively low, about 0.3 to 0.4%.
It is necessary to explain the observations that (a) the δ 18 θ values of pore fluids associated with thermally altered sediments, by the most massive sill complex encountered (Site 478), are lower than those associated with thermally altered sediments by sill complexes of average thickness, and (b) that the δ 18 θ values of the pore fluids of sediments thermally altered by sill intrusions only (e.g., as at Site 481) are more positive, relative to SMOW, than the pore fluids recovered from the greenschist facies rocks in the active and intensive hydrothermal system at Site 477.
To determine temperatures of formation, recrystallized calcites at the contact with the first sill in Hole 481A and separated quartz and chlorite from the greenschist facies rocks at Site 477 were also analyzed for their δ 18 θ values.
TWO TYPES OF HYDROTHERMAL SYSTEMS
On the basis of the detailed mineralogical and oxygen isotopic analyses, two distinct hydrothermal systems are recognized in the Guaymas Basin. The first and minor system is driven by the intrusions of hot sills into highly porous, cold, hemipelagic sediments, relatively rich in organic matter, as described by Einsele et al. (1980) . The second and major system is driven by relatively shallow magma chambers, as in the ridge crest systems, such as the Red Sea, EPR 21 °N, and the Galapagos spreading center (Degens and Ross, 1969; Corliss et al., 1979; Spiess et al., 1980) . The difference between these systems and the Guaymas Basin is the near absence of sediments at the ridge crest and the rapid and massive accumulation of sediments in the Guaymas Basin. The chemistry of the hydrothermal M.KASTNER fluids, therefore, reflects their interaction with both basalt and sediments (Gieskes et al., this volume, Pt. 2) , and the chemistry and mineralogy of the thermally recrystallized sediments are controlled by the temperature and chemistry of the hydrothermal fluids. On the basis of the mineralogical zones of the three DSDP sites in the Guaymas Basin, described in Tables  1, 2, and 3 and the δ  18 θ data of Tables 4 and 6 , the following most important mineralogical and oxygen isotopic differences in the thermally recrystallized sediments of the two suggested hydrothermal systems are: Pyrite may be abundant. The δ 18 θ value of the hydrothermal sediments range between 6.6 and 10.3% (SMOW).
The δ
18 θ values of the pore fluids range between + 0.83 and 1.34‰ (SMOW).
Diagenetic pyrite is also present and occurs as framboidal pyrite. The hydrothermal crystals are either cubic or pyritohedral.
Hydrothermal K-feldspar was observed only at the lower contact with the sill at Site 477. Its formation, however, is prompted by the second hydrothermal system below the sill. The high-temperature fluids, heated to temperatures >300°C, leached K+ from the basalt and the sediments below (see Niemitz, this volume, Pt. The transformation of opal-A directly to quartz occurred at the thermally altered zones above the sills and in the major hydrothermal system at Site 477. The observation that the thermally affected zones are much thicker above than below the sills indicates an upward movement of the hydrothermal solutions. The solubilities of all silica phases increase and approach each other with temperature (e.g., Kennedy, 1950; Alexander et al., 1954; Siever, 1962; Fournier, 1973) . The rates of transformation of opal-A to opal-CT and opal-CT to quartz also increase with increasing temperatures (e.g., Ernst and Calvert, 1969; Mizutani, 1977; Kastner et al., 1977; Kastner, 1981) .
When a hot basalt sill intrudes into sediments rich in opal-A (mainly diatoms), all the opal-A dissolves, as indicated in Tables 1,2,3 and Appendix A, and shown in Figure 3 . Much of the dissolved silica is carried away by the rapidly uprising hydrothermal solutions. The remaining dissolved silica concentrations most probably are within the stability field of quartz, between 150° and 200°C, and therefore do not form opal-CT. The absence of opal-CT in the major hydrothermal system below the sill at Site 477 is attributed to two factors: (a) the higher temperatures of this hydrothermal system and consequent higher solubility values of quartz, and (b) the fast rate at which opal-CT transforms to quartz at approximately 300°C, and the relatively long period of time over which this particular hydrothermal system has been active.
Opal-CT forms only between adjacent sills where the hydrothermal fluids are "trapped" or in association with sills which intrude the sediments at greater depth, where the rising, silica-rich, hydrothermal solutions do not exit the sediment column. The opal-CT will form a few tens of meters above the contact with the sill, as, for example, at Site 478.
On the basis of the hydrothermal mineralogy of the sediments and δ 18 θ values of recrystallized calcite close to the sill contacts, it is concluded that temperatures of about 150° to 200°C prevailed at the sill contacts. Occasionally they were slightly higher, but did not exceed 230° to 250°C. (The hydrothermal minerals within the sills, which are not discussed in this chapter, indicate higher temperatures of formation, and thus steep ther- mal gradients between the sills and sediments.) The main evidence for this temperature range is as follows: a) Clinoptilolite disappears and analcime forms instead. Opal-A is present in the clinoptilolite and quartz in the analcime zone. The following reaction is suggested:
Clinoptilolite + Opal-A + Na + -Analcime + Quartz + K + + H 2 O Experimental work on the reaction analcime + quartz = albite + H 2 O as a function of temperature and pressure (Thompson, 1971) indicates temperatures of 170°t o 200 °C for analcime stability in the Guaymas Basin regime. No hydrothermal albite was observed at sill contacts. It is, however, a major phase in the greenschist facies rocks at Site 477.
b) The oxygen isotopes of recrystallized calcite 1 to 2 meters above the first sill at Site 481 indicate temperatures of formation of 130° to 170°C, as shown in Table  7 . Calcite, however, was not observed at the immediate contact with the sills. c) Similar mineralogical zones were described from the Cerro Prieto hydrothermal system and were related to temperature zones (e.g., Hoagland and Elders, 1978; Olson and Elders, 1978; Elders et al., 1979) . Formation of smectite was observed up to 150°C, and also formation of the assemblage illite-chlorite, usually between 150° and 180°C, but also up to 230-250°C. As in the Guaymas Basin, dolomite was observed to disappear in this zone at ~180°C. At a higher temperature, > 230°C, a zone of chlorite with or without calc-silicates was observed in the Cerro Prieto system, but not at sill contacts in the Guaymas Basin.
On the basis of the above temperatures of formation, the δ 18 θ value of the thermally altered sediments and of their pore fluids provides information about the water/ rock ratio of this hydrothermal system. Assuming a closed system, the calculated water/rock wt.% ratios are between 1.5/1 and 3/1. The thickness of the thermally altered zone is relatively small. Accordingly, in the Guaymas Basin, where the sediments have a 70-80% porosity and are highly hydrous, recharge of fluids is not necessary, and a closed-system assumption is thus indicated.
On the basis of the hydrothermal mineralogy of the sediments in the greenschist facies rocks and their δ 18 θ values, it is concluded that temperatures of 300° ± 50°C Table 7 . Isotopic composition of recrystallized calcite at contact with sill, Hole 481 A.
Core/Section (interval in cm) [122] [123] [124] [125] [126] [127] [29] [30] [31] [44] [45] [46] [47] are responsible for the formation of these rocks. Hydrothermal quartz and chlorite were separated for oxygen isotope analysis. Figures 4 and 5 show the successful separation of pure chlorite, which is iron-rich. The grain size of the chlorite is about 1 µm, and Figure 6 shows the coexisting hydrothermal euhedral quartz crystals. On the basis of Wenner and Taylor's (1971) empirical equation for Δ quartz-chlorite, a temperature of formation of 300 ± 50°C was calculated. This is a temperature range similar to that in the Cerro Prieto hydrothermal field, where chlorite and calc-silicates, such as epidote, occur in the temperature zone between 250°a nd 350°C (e.g., Hoagland and Elders, 1978; Elders et al., 1979) . Oxygen isotope analyses of hydrothermally altered oceanic rocks by Stakes and O'Neil (1982) also indicate temperatures of -250-350 °C for epidote-rich greenstones.
Assuming a closed system, the calculated minimum water/rock wt.% ratio is 12/1, an unrealistically high ratio. Therefore, an open (single-pass) system with continuous recharge is assumed. The calculated water/rock wt.% ratio in such an open system is approximately 2/1 to 3/1. The calculated water/rock ratio for the EPR 21 °N hydrothermal system (East Pacific Rise Study Group, 1980) is lower, about unity. The pH of the major hydrothermal solutions in the Guaymas Basin should be less acidic than the hydrothermal fluids in the EPR 21 °N system, because of the relatively small amounts of hydration reactions in this system (and possibly also because of the high alkalinities in the pore fluids of the sediments, which are rich in organic matter.
The relatively low positive δ 18 θ values of the pore fluids at Site 478 as compared with Site 481 indicate that the 478 system is older than the one at Site 481, Diffusion has smoothed out the original δ 18 θ profile. CONCLUSIONS Mineralogical and oxygen isotope analyses of the sediments and pore fluids at Sites 477, 481, and 478 in the Guaymas Basin indicate that two distinct hydrothermal systems operate in this basin.
The minor system is caused by the intrusion of hot sills into highly porous cold sediments and can be modeled as a closed hydrothermal system at 150-200°C.
As in the ridge crest hydrothermal systems, the major hydrothermal system in the Guaymas Basin is driven by relatively shallow magma chambers. It cannot be modeled as a closed system. Recharge of fluids at a calculated water/rock ratio of 2/1 to 3/1 is required. The temperature range of this hydrothermal system is 300 ± 50°C. The vertical discharge of the hydrothermal fluids occurs through faults until they encounter sills, which force a horizontal flow toward another fault system. 
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